Gammaherpesviruses, such as Epstein-Barr virus (EBV), are ubiquitous cancer-associated pathogens that interact with DNA damage response, a tumor suppressor network. Chronic gammaherpesvirus infection and pathogenesis in a DNA damage response-insufficient host are poorly understood. Ataxia-telangiectasia (A-T) is associated with insufficiency of ataxia-telangiectasia mutated (ATM), a critical DNA damage response kinase. A-T patients display a pattern of anti-EBV antibodies suggestive of poorly controlled EBV replication; however, parameters of chronic EBV infection and pathogenesis in the A-T population remain unclear. Here we demonstrate that chronic gammaherpesvirus infection is poorly controlled in an animal model of A-T. Intriguingly, in spite of a global increase in T cell activation and numbers in wild-type (wt) and ATM-deficient mice in response to mouse gammaherpesvirus 68 (MHV68) infection, the generation of an MHV68-specific immune response was altered in the absence of ATM. Our finding that ATM expression is necessary for an optimal adaptive immune response against gammaherpesvirus unveils an important connection between DNA damage response and immune control of chronic gammaherpesvirus infection, a connection that is likely to impact viral pathogenesis in an ATM-insufficient host.
A taxia-telangiectasia (A-T) is an autosomal recessive, multisystem disease that manifests itself in early childhood and leads to a median life expectancy of 19 to 25 years (8) . The genetic lesion in A-T has been mapped to ATM, a gene that encodes a protein kinase critical for proximal steps of the DNA damage response (DDR) (29) . Cancer (primarily lymphomas) and lung disease of poorly understood etiology are significant contributors to the mortality in the A-T population (40) . Antibiotic treatment has a limited effect on the progression of A-T-associated lung disease, suggesting that bacterial infections are not solely responsible for the deterioration of A-T lungs (33) . A-T patients exhibit heterogenous humoral and cellular immunodeficiencies, including hypogammaglobulinemia, decreased responsiveness to vaccinations, and lymphopenia (38) . However, A-T patients are not predisposed to opportunistic or systemic infections, suggesting that the ATM-insufficient immune system remains competent to control many pathogens (38) . Importantly, A-T patients seem to be selectively susceptible to severe herpesvirus infections. In one study, herpesviruses were the cause of 8 out of 11 severe viral infections observed in A-T patients (36) . It is not known whether herpesvirus infection contributes to lung disease or cancer observed in the A-T population.
Gammaherpesviruses are cancer-associated pathogens that establish lifelong infection in a majority of the human population. Two known human gammaherpesviruses, Epstein-Barr virus (EBV) and Kaposi's sarcoma-associated herpesvirus (KSHV), are associated with cancer, including lymphomas (7) . A-T patients have a skewed antibody response against EBV, with high titers of antibodies directed against lytic, but not latent, antigens of the virus (4, 22, 36) . This antibody pattern implies uncontrolled persistent EBV replication. Unfortunately, with the exception of a single case report demonstrating a significantly increased EBV viral load (14) , the parameters of EBV or other herpesvirus infection in A-T patients have not been analyzed. The high seroprevalence and exquisite species specificity of EBV and KSHV further hinder analyses of gammaherpesvirus pathogenesis in an A-T population.
ATM expression and activity are critical for the proper response to DNA damage and DNA repair. Markers of active DDR, including ATM activation, are present during lytic gammaherpesvirus infection, and gammaherpesviruses usurp several host DDR proteins to facilitate viral replication (24, 27, 28, 37, 42) . Unfortunately, very little is understood about DDR-gammaherpesvirus interaction in the context of chronic infection in vivo. In this study, we used mouse gammaherpesvirus 68 (MHV68), a rodent pathogen genetically and biologically related to EBV and KSHV (13, 45, 48) , to probe gammaherpesvirus-ATM interactions in vivo. MHV68 interacts with the host DDR during lytic and latent infection as evidenced by increased levels of phosphorylated H2AX, an ATM substrate, during lytic replication in primary macrophages, attenuated viral replication in primary macrophages isolated from ATM-or H2AX-deficient mice, and attenuated chronic MHV68 infection in H2AX-deficient mice (37, 42, 44) . Here we show that chronic MHV68 infection was poorly controlled in ATM-deficient mice (1), a mouse model of A-T. Persistent viral replication was observed alongside an aberrant T cell response characterized by a decreased number of MHV68-specific gamma interferon (IFN-␥)-producing CD8 ϩ T cells skewed in their reactivity to MHV68 immunodominant epitopes. The results of the presented studies have important implications for the pathogenesis of gammaherpesvirus infection in the context of A-T and other human diseases associated with mutations within the DDR network.
MATERIALS AND METHODS

Mice, virus, and infections.
Mice were bred and housed at the Medical College of Wisconsin in a specific-pathogen-free facility in accordance with all federal and institutional guidelines. 129S6/SvEvTac-Atm tm1Awb /J mice were obtained from Jackson Laboratories (Bar Harbor, ME). The ATM-deficient strain was maintained via heterozygous crosses, and wildtype (wt) and heterozygous littermates were used as controls for the ATMdeficient group. Infections were performed by intranasal inoculation at 6 weeks of age with 10 4 PFU of MHV68 or sterile carrier in an inoculum volume of 15 l per mouse. All experimental manipulations of mice used in this study were approved by the institutional Animal Care and Use Committee of the Medical College of Wisconsin (AUA971). Virus passage and titer determination were performed on NIH 3T12 cells as previously described (50) .
Tissue culture. NIH 3T12 cells were maintained in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum, 100 U/ml penicillin, 100 mg/ml streptomycin, and 2 mM L-glutamine. Mouse embryonic fibroblasts were maintained in Dulbecco's modified Eagle's medium supplemented with 10% fetal calf serum, 25 U/ml penicillin, 25 mg/ml streptomycin, 2.6 mM L-glutamine, and nonessential amino acids.
Flow cytometry and tetramer staining. Single-cell suspensions were prepared in fluorescence-activated cell sorting (FACS) buffer (phosphatebuffered saline [PBS], 2% fetal calf serum [FCS], 0.05% sodium azide) at 1 ϫ 10 7 nucleated cells/ml. A total of 1 ϫ 10 6 cells were prestained with Fc block (24G2) and then incubated with an optimal amount of antibody conjugate (eFluor450, fluorescein isothiocyanate, r-phycoerythrin [PE], PE-Cy7, or allophycocyanin). Antibodies to the following molecules were purchased from eBioscience (San Diego, CA): B220/CD45R (RA3-6B2), CD80/B7.1 (16-10A1), CD86/B7.2 (GL1), CD279/PD-1 (J43), CD3e (eBio500A2), CD8a/Ly-2 (53-6.7), CD4 (RM4-5), CD44 (IM7), and CD62L/Ly-22 (MEL-14). Armenian hamster IgG (eBio299Arm; eBioscience) was used as an isotype and fluorophore-matched control for all PD-1 cell surface staining. Allophycocyanin-conjugated major histocompatibility complex (MHC) class I tetramers specific for MHV68 epitopes D b /ORF6 487-495 (AGPHNDMEI) and K b /ORF61 524-531 (TSINFVKI) were obtained from the NIH Tetramer Core Facility (Emory University, Atlanta, GA). Fc receptor-blocked cells were stained with tetramers for 30 min at room temperature, followed by staining with the appropriate antibodies listed above for 15 min on ice. Data acquisition was performed on an LSR II flow cytometer (BD Biosciences, Sparks, MD) and analyzed using FlowJo software (Tree Star, Ashland, OR).
Ex vivo restimulation and intracellular cytokine staining. Cells were restimulated with 10 ng/ml phorbol 12-myristate 13-acetate (PMA) plus 1 g/ml ionomycin (both from Sigma-Aldrich, St. Louis, MO) or 10 g/ml of MHV68-specfic peptides ORF6 487-495 (AGPHNDMEI) plus ORF61 524-531 (TSINFVKI) (Thermo Fisher Scientific, Waltham, MA) for 4 to 6 h in the presence of 10 g/ml brefeldin A (Sigma-Aldrich, St. Louis, MO). After staining cells for surface markers, cells were fixed and permeabilized using the Cytofix/Cytoperm kit (BD Biosciences) according to the manufacturer's instructions. Next, the cells were stained with antibodies specific to IFN-␥ (clone XMG1.2; Biolegend, San Diego, CA), washed, and resuspended in FACS buffer prior to analysis.
Limiting-dilution assays. Limiting-dilution ex vivo reactivation and nested PCR analyses were performed as previously described to measure the frequency of cells reactivating MHV68 or harboring the MHV68 genome, respectively (44) .
Persistent-replication assay. Individual lungs were harvested from infected mice and collected in 1 ml of DMEM. Lungs were thawed and homogenized using sterile 1.0-mm zirconia-silica beads and a Mini-Beadbeater-8 cell disrupter (both from BioSpec Products, Inc., Bartlesville, OK) for 2 min at 4°C. Serial dilutions of lung homogenates were plated on indicator mouse embryo fibroblast (MEF) monolayers (12 replicates for each dilution) and the presence of lytic virus in each replicate scored after 14 days of culture.
Quantitative PCR (qPCR). Individual lung homogenates were incubated overnight at 56°C in the presence of 0.25 mg/ml proteinase K (Sigma-Aldrich, St. Louis, MO), and DNA was extracted twice with phenol-chloroform and once with chloroform. DNA was precipitated with sodium acetate (NaOAc)-ethanol (EtOH) and resuspended in TE buffer (10 mM Tris-HCl [pH 8.1], 1 mM EDTA). Viral DNA was quantified using the iQ5 real-time PCR detection system (Bio-Rad Laboratories, Hercules, CA) with gene 50 and GAPDH (glyceraldehyde-3-phosphate dehydrogenase) primers (43) , and normalized values were calculated using the ⌬C T method.
Statistical analyses. All data were analyzed using GraphPad Prism software (GraphPad Software, San Diego, CA). Frequencies for limitingdilution assays were obtained from the cell number at which 63.2% of the wells scored positive for either reactivating virus or the presence of viral genome based on the Poisson distribution. Data were subjected to nonlinear regression analysis to obtain a single-cell frequency for each limiting-dilution analysis. All P values were calculated using Student's t test. Differences were considered significant when the P value was Ͻ0.05.
RESULTS
MHV68 latency is inadequately controlled in the peritoneums of ATM-deficient mice.
To assess parameters of chronic gammaherpesvirus infection in an ATM-deficient host, ATM-deficient mice (1) were infected with MHV68. In an immunocompetent host, MHV68 transitions from active replication to a latent state by 10 to 12 days of infection. Unlike lytic replication, latency is characterized by little if any viral gene expression and lack of infectious virion production. Poorly understood mechanisms enable a switch from latency to lytic replication (reactivation), resulting in release of infectious virions that reseed the reservoir of infected cells within the original host and allow viral transmission to a naïve host. Peak numbers of latently infected cells and MHV68 reactivation upon explantation is observed at around 16 to 18 days of infection at several anatomical sites, including the spleen and peritoneum (reviewed in reference 2). To determine whether ATM modulates establishment of MHV68 latency, ATM-deficient, heterozygous, and wild-type littermates were infected with MHV68 and MHV68 latency was assessed in splenocytes and peritoneal exudate cells (PEC) at 18 days postinfection. While the frequency and absolute numbers of MHV68 genome-positive PEC were similar in all experimental groups ( Fig. 1B and H), every MHV68-positive peritoneal cell harvested from ATM-deficient mice reactivated MHV68 ex vivo, at least a 40fold increase over the number of reactivating cells harvested from the peritoneums of ATM heterozygous and wild-type mice (1 in 1,096 PEC versus less than 1 in 40,000 PEC; P ϭ 0.008) ( Fig. 1A and G) (the percentage of reactivation could not be directly compared due to the low frequency of reactivation in wt PEC). Furthermore, low levels of lytic MHV68 were detected in ATM-deficient PEC immediately ex vivo (Fig. 1C ), suggesting that persistent MHV68 replication and reactivation were not adequately controlled in the peritoneums of ATMdeficient mice.
The frequencies of MHV68 genome-positive splenocytes were similar in all experimental groups (Fig. 1E) ; however, the absolute number of MHV68-infected splenocytes was significantly lower in ATM-deficient mice than in wild-type controls (Fig. 1H ). This was likely due to the decreased overall number of ATM-deficient splenocytes (Fig. 1I ). Similar observations were made with respect to the frequency and absolute number of splenocytes reactivating MHV68 ex vivo ( Fig. 1D and G) (the percentage of reactivating splenocytes ranged from 0.23% in wt mice to 0.48% of all splenocytes in ATM-deficient mice). No preformed lytic MHV68 was detected in the splenocytes harvested from any of the three experimental groups (Fig. 1F ). Thus, global ATM deficiency led to poorly controlled MHV68 latency manifested as increased reactivation and persistent replication of MHV68 in the peritoneums, but not the spleens, of infected mice. Collectively, the differences in the MHV68 infection parameters between spleens and peritoneums of ATMdeficient mice could reflect cell type-specific effects of ATM in vivo, as the cell types hosting latent MHV68 differ at the two anatomic sites. Specifically, B cells represent the major cellular reservoir for MHV68 in the spleen, whereas macrophages are the predominant cell type harboring latent MHV68 in the peritoneum (41, 51, 52) .
High levels of persistent MHV68 replication are found in ATM-deficient lungs. Having determined that MHV68 latency was altered in the peritoneums of ATM-deficient mice, persistent MHV68 replication was measured in lungs, another site of gammaherpesvirus latency in rodents (21) . By 18 days postinfection, several cell types host latent MHV68 in the lung, with very little infectious MHV68 present in the lungs of chronically infected wild-type mice (25, 26) . Importantly, persistent MHV68 replication in the lungs is associated with chronic immune stimulation and lung disease in immunocompromised mouse models (12, 34, 35) . The presence of infectious MHV68, a marker of persistent viral replication, was measured in lung homogenates from chronically infected mice using a semiquantitative assay that has been optimized to provide maximum sensitivity in detecting preformed infectious virus. Consistent with previous reports, low levels of infectious MHV68 were detected in the lungs of wild-type mice at 18 days postinfection ( Fig. 2A ). The lungs of ATM-heterozygous mice contained a modest increase in levels of infectious MHV68. In contrast, the lungs of ATM-deficient mice exhibited a significant increase in the levels of lytic MHV68 compared to those in the wild-type and heterozygous groups ( Fig. 2A ). High levels of persistent MHV68 replication were present as late as 28 days postinfection in ATM-deficient mice (Fig. 2B ). Similar levels of lung-associated MHV68 DNA were detected in both experimental groups at 18 and 28 days postinfection (Fig. 2C) , suggesting that only a small proportion of MHV68-infected cells in the lung supported persistent viral replication. Thus, ATM was important for control of persistent MHV68 replication in the lungs of chronically infected ATM-deficient mice.
ATM-deficient T and B cells respond to MHV68 infection by increasing absolute cell numbers and upregulating activation markers.
The increased levels of MHV68 reactivation and persistent replication observed in ATM-deficient mice ( Fig. 1 and 2) were in contrast to the attenuated MHV68 infection observed in mice lacking H2AX, an important ATM substrate (44) . An altered immune response in the absence of ATM could account for the different MHV68 phenotypes observed in ATM-and H2AX-deficient mice. B cells and CD4 ϩ and CD8 ϩ T cells collaborate to attain control of chronic MHV68 infection (reviewed in reference 2). To determine whether ATM expression influenced the abundance of splenic T and B cells during chronic MHV68 infection, T and B cell numbers were measured in splenocytes harvested from ATM-deficient, heterozygous, and wild-type mice at 18 days postinfection or from mock-infected controls.
In accordance with previous reports (1), significantly lower numbers of splenic CD4 ϩ and CD8 ϩ T cells were observed in ATM-deficient mice than in wild-type littermates in the absence of MHV68 infection (14-fold and 7-fold decreases for the CD4 ϩ and CD8 ϩ populations, respectively) ( Fig. 3A and B ). The abundance of splenic CD4 ϩ T cells, CD8 ϩ T cells, and B cells and their activation status increases in MHV68-infected wild-type mice, with peak numbers observed at between 16 and 28 days postinfection (5, 39) . Similar to wild-type and heterozygous controls, ATM-deficient mice displayed an increase in absolute numbers of splenic CD4 ϩ and CD8 ϩ T cells at 18 days postinfection, yet these numbers remained below those in infected wild-type mice ( Fig.  3A and B ).
In addition to an effect on T cell development, ATM deficiency may also impair T cell activation (16) . Thus, the effect of ATM deficiency on activation of CD4 ϩ and CD8 ϩ T cells was examined at 18 days postinfection. In the absence of infection, a higher proportion of ATM-deficient T cells exhibited markers of activation (CD44 hi CD62 low ) ( Fig. 3C to E) , consistent with a marked predominance of effector memory T cells in the peripheral blood of A-T patients (17) . The percentage of activated CD4 ϩ and CD8 ϩ T cells further increased upon MHV68 infection in both wild-type and ATM-deficient mice ( Fig. 3C to E) . In spite of the increased proportion of activated T cells, the absolute numbers of activated CD8 ϩ and CD4 ϩ splenic T cells were decreased in MHV68-infected ATM-deficient mice ( Fig.  3F and G) , likely due to the overall decrease in the number of ATM-deficient T cells ( Fig. 3A and B) .
Similar to T cells, the number of splenic B cells was decreased in ATM-deficient naïve mice compared to wild-type and heterozygous controls (Fig. 4A ). MHV68 infection stimulated an increase in the absolute number of B cells in mice of all three genotypes. Furthermore, MHV68-driven activation of B cells, as determined by surface expression of CD80 and CD86, was not affected by ATM deficiency (Fig. 4B and C) . Thus, ATM deficiency did not abolish the ability of splenic B and T cells to respond to gammaherpesvirus infection, as judged by a relative increase in immune cell numbers and changes in activation markers.
T cells of MHV68-infected ATM-deficient mice increase PD-1 expression. The persistent MHV68 replication was likely to mediate chronic immune stimulation in ATM-deficient mice. Importantly, chronic immune stimulation can induce T cell exhaustion, characterized by a progressive decrease in T cell function concurrent with upregulation of inhibitory receptors (reviewed in reference 49). PD-1 is a prominent inhibitory receptor associated 
with T cell exhaustion in several chronic viral infections, including HIV, hepatitis C virus (HCV), and lymphocytic choriomeningitis virus (LCMV) infection (reviewed in reference 23
). Furthermore, the PD-1 receptor is upregulated on CD8 ϩ T cells of class IIdeficient MHV68-infected mice, and PD-1 signaling contributes to uncontrolled persistent MHV68 replication in the lungs of these mice (9) .
To determine whether ATM-deficient T cells increased PD-1 expression upon MHV68 infection, we assessed levels of PD-1 on CD4 ϩ and CD8 ϩ T cells from wild-type or ATM-deficient mice. The proportions of splenic CD8 ϩ and CD4 ϩ T cells with increased cell surface PD-1 levels peaked in wild-type mice at 18 days postinfection (19.7% Ϯ 3.7% of CD8 ϩ and 18.66% Ϯ 3.6% of CD4 ϩ cells) ( Fig. 5A to D) . Interestingly, the proportions of PD-1-expressing CD8 ϩ and CD4 ϩ T cells were further increased in ATMdeficient mice compared to wild-type littermates at 18 days postinfection (34.47% Ϯ 4.3% and 32.77% Ϯ 2.7% of CD8 ϩ and CD4 ϩ ATM-deficient T cells, respectively) ( Fig. 5A to D) .
T cells are known to transiently upregulate PD-1 surface expression in response to acute viral infection, with subsequent downregulation of PD-1 upon clearance of replicating virus (53) . Importantly, T cell PD-1 levels remain elevated during chronic antigen stimulation. To rule out effects of acute MHV68 replication on PD-1 expression, percentages of PD-1-positive CD8 ϩ and CD4 ϩ T cells were measured in wild-type and ATM-deficient mice at 28 days postinfection. As expected, the percentages of PD-1 positive CD8 ϩ and CD4 ϩ T cells in wild-type mice decreased between 18 and 28 days postinfection (from 19.7% Ϯ 3.7% to 9.09% Ϯ 0.3% and from 18.66% Ϯ 3.6% to 13.51% Ϯ 2.3%, respectively) ( Fig. 5A to D) . However, the percentage of PD-1-positive T cells remained elevated at 28 days postinfection in ATM-deficient mice (35.8% Ϯ 7.9% CD8 ϩ T cells and 33.19% Ϯ 5.2% CD4 ϩ T cells) ( Fig. 5A to D) .
Splenic MHV68 infection was well controlled in wild-type and ATM-deficient mice (Fig. 1D to F) , in spite of significant differences in the proportions of PD-1-positive splenic CD8 ϩ and CD4 ϩ T cells observed between the two genotypes ( Fig. 5C and D). Because MHV68 reactivation was increased in the peritoneums of ATM-deficient mice (Fig. 1A) , PD-1 expression was measured in peritoneal CD8 ϩ T cells. CD8 ϩ T cells represented a very small proportion of the overall peritoneal exudate in uninfected mice ( Fig. 5E and F) . Upon MHV68 infection, a significant increase in the frequency of CD8 ϩ T cells was observed in the peritoneums of wild-type and ATM-deficient mice ( Fig. 5E and F) . Similar to that observed in the spleens, the proportion of PD-1-positive peritoneal CD8 ϩ T cells was increased in ATM-deficient mice (Fig. 5G) . Thus, the population of PD-1-positive CD8 ϩ T cells was increased in both peritoneums and spleens of ATM-deficient mice. However, this global increase in the PD-1-positive CD8 ϩ T cell population did not correlate with the status of MHV68 infections which was well controlled in the spleens but not in the peritoneums of ATMdeficient animals (Fig. 1) .
ATM-deficient mice exhibit an aberrant MHV68-specific CD8 ؉ T cell response. In spite of a global increase in numbers of splenic T cells in response to MHV68 infection and changes in activation markers, these responses were inadequate to control MHV68 reactivation and persistent replication in the peritoneums and lungs of ATM-deficient mice ( Fig. 1 and 2) . Because suppression of MHV68 reactivation and persistent replication by CD8 ϩ T cells requires gamma interferon-dependent mechanisms (31, 47) , IFN-␥ responses of MHV68-specific T cells were examined. Two distinct waves of MHV68-specific CD8 ϩ T cells have been characterized. The first wave of MHV-specific CD8 T cells (represented by the immunodominant ORF6 487-495 peptide-specific response) predominates early in infection and rapidly declines following clearance of acute replication. The second wave of CD8 T cells (represented by the ORF61 524-531 response) continues to expand throughout early latency in a manner that is dependent upon continued antigenic stimulation (15) .
To assess the capacity for IFN-␥ production by MHV68-specific CD8 ϩ T cells, splenocytes and PEC were harvested from ATM-deficient mice or wild-type littermates that were mock infected or infected with MHV68 for 28 days. Cell suspensions were restimulated ex vivo with two representative immunodominant epitopes (ORF6 487-495 and ORF61 524-531 peptide) or PMA-ionomycin (positive control), followed by assessment of intracellular IFN-␥ production. PMA-ionomycin stimulation of splenic CD8 ϩ T cells elicited a higher proportion of IFN-␥-positive cells in ATM-deficient mock-infected mice than in mock-infected wildtype animals ( Fig. 6A and B) , consistent with the increased base- line proportion of CD62 low CD44 high CD8 ϩ T cells in ATM-deficient mice (Fig. 3E) . Importantly, similar proportions of CD8 ϩ T cells upregulated IFN-␥ expression in response to PMA-ionomycin in wild-type and ATM-deficient MHV68-infected mice ( Fig.  6A and B ), suggesting that ATM-deficient T cells from MHV68infected animals were not refractory to further stimulation.
As expected, specific stimulation with MHV68 immunodominant epitopes elicited very few IFN-␥-expressing CD8 ϩ T cells in mock-infected mice (Fig. 6A and C) . Similar proportions of ATMdeficient and wild-type splenic CD8 ϩ T cells from MHV68-infected mice increased IFN-␥ expression in response to stimulation with MHV68 peptides (Fig. 6A and C) . In contrast, fewer peritoneal CD8 ϩ T cells produced IFN-␥ in response to MHV68 peptide stimulation in ATM-deficient mice (Fig. 6C) . Thus, IFN-␥-dependent MHV68-specific CD8 ϩ T cell responses were decreased in the peritoneums of ATM-deficient mice, consistent with inadequate control of MHV68 reactivation from PEC (Fig. 1A) .
Because PD-1 expression by CD8 ϩ T cells was elevated in MHV68-infected mice of either genotype ( Fig. 5 ) and due to the potential inhibitory signaling mediated by this receptor, which would decrease IFN-␥ production, we wanted to determine whether IFN-␥-positive CD8 ϩ T cells responding to MHV68 peptides would be found preferentially within the PD-1-low population of CD8 ϩ T cells. CD8 ϩ T cells isolated from infected animals were stimulated with MHV68 peptides and stained with antibodies as indicated in Fig. 6D . To determine if PD-1 expression negatively correlates with IFN-␥ production upon restimulation, CD8 ϩ T cells were further gated into PD-1-high and -low populations and the percentage of IFN-␥-positive cells in each population was determined (Fig. 6D) . Interestingly, in the spleen, a larger proportion of PD-1-high CD8 ϩ T cells responded to MHV68 peptide stimulation regardless of the genotype. Furthermore, similar proportions of peritoneal PD-1-high and -low CD8 ϩ T cells responded to MHV68 peptide stimulation in wild-type and ATMdeficient mice. Thus, IFN-␥-producing MHV68-specific CD8 ϩ T cells did not preferentially associate with the PD-1-low population, indicating that PD-1 expression was unlikely to serve as a marker for a dysfunctional CD8 ϩ T cell population in MHV68infected wild-type and ATM-deficient mice.
To gain further insight into the antiviral CD8 ϩ T cell response in the context of ATM deficiency, MHC class I tetramers were used to measure the ORF6 487 /D b and ORF61 524 /K b antigen-specific CD8 ϩ T cell populations in MHV68-infected mice. As expected, minimal staining of splenocytes and PEC with either tetramer was observed in uninfected mice of either genotype (Fig.  7A) . Surprisingly, a 2-fold increase in the proportion of MHV68 ORF6 487-495 tetramer-positive CD8 ϩ splenocytes and CD8 ϩ PEC was observed in ATM-deficient compared to wild-type mice at 28 days postinfection (Fig. 7B ). Consistent with previous reports (18), a higher proportion of CD8 ϩ T cells were positive for MHV68 ORF61 524-531 tetramer staining than for the MHV68 ORF6 487-495 tetramer in wild-type mice (Fig. 7B) . In contrast, a significantly lower population of CD8 ϩ T cells was MHV68 ORF61 524-531 tetramer positive in ATM-deficient mice in both the spleen and peritoneum (Fig. 7B) . Thus, ATM deficiency led to a skewed CD8 ϩ T cell response against immunodominant MHV68 epitopes. Taken together, our findings suggest that the generation of a functional MHV68-specific adaptive immune response is compromised in ATM-deficient mice.
DISCUSSION
This study presents the first analysis of a chronic virus infection in an ATM-deficient host. Specifically, we found that gammaherpesvirus latency was poorly controlled in a mouse model of ataxia-telangiectasia (A-T), a human disease associated with ATM insufficiency. Interestingly, the parameters of chronic gammaherpesvirus infection in ATM-deficient mice differed in the spleen and peritoneum, where distinct cell types support MHV68 latency (B cells and macrophages, respectively). These results suggest that ATM has cell type-specific roles in the regulation of gammaherpesvirus infection. Importantly, ATM expression was important for the generation of a robust immune response against MHV68, including the development of the proper repertoire of antiviral CD8 ϩ T cells.
Implications for A-T and other DDR-linked diseases.
Here we demonstrate that chronic gammaherpesvirus infection was poorly controlled in a mouse model of A-T. This is in contrast to a recent study that showed comparable kinetics of LCMV clearance in ATM-deficient and wild-type mice (10) , indicating that ATM deficiency does not lead to uniform susceptibility to virus infection. Thus, similar to what is observed in human A-T, ATMdeficient mice appear to be selectively susceptible to gammaherpesvirus infections. Aberrant immune responses are likely to contribute to increased susceptibility to herpesvirus infection in A-T patients. Using a mouse model of A-T, this study demonstrated skewed development of MHV68-specific CD8 ϩ T cells under conditions of ATM deficiency. Specifically, the proportion of CD8 ϩ T cells specific for an immunodominant ORF61 524-531 epitope was significantly decreased in ATM-deficient mice at 28 days postinfection. It is not clear whether this reflects alterations in the T cell receptor (TCR) repertoire, similar to that seen in A-T patients (17) , or an aberrant pattern of MHV68 gene expression in the absence of ATM. A comprehensive analysis of ATM-deficient CD8 T cell responses to multiple MHV68 epitopes is an important future direction.
Our studies also revealed that increased PD-1 levels do not correlate with decreased T cell responses and control of MHV68, indicating that PD-1 is unlikely to be a marker of T cell exhaustion in ATM-deficient mice (Fig. 6D ). Because T cell activation increases expression of PD-1 and the proportion of antigen-experienced effector memory T cells is increased in A-T patients (17) and ATM-deficient mice (Fig. 3 ), PD-1 may simply be a marker of deregulated T cell activation in the absence of ATM. It is also possible that other inhibitory receptors, such as CTLA-4 and LAG-3, play a role in attenuated T cell responses against MHV68 infection in the absence of ATM, a possibility that will be explored in future studies.
ATM-deficient mice displayed high levels of persistent MHV68 replication in the lungs during chronic infection. High levels of persistent MHV68 replication in lungs are associated with lung disease in other immunocompromised mouse models, such as gamma interferon receptor-deficient mice (11, 12, 47) . Thus, future studies are needed to determine whether persistent MHV68 replication is sufficient to induce lung pathology in ATM-deficient mice, which, unlike humans with A-T, do not spontaneously develop lung disease. While A-T patients display altered anti-EBV antibody responses suggestive of persistent viral replication (4, 22, 36) , the status of EBV infection is poorly understood, and it is not known whether EBV contributes to the lung disease observed in A-T patients. The clinical finding that steroids, but not antibiotic treatment, suppress or even reverse lung deterioration in A-T patients (33, 40) suggests that chronic immune stimulation that may be driven in part by virus infections does contribute to lung disease in A-T. Future studies are needed to define the relative con-tribution of chronic virus infections to the development and progression of lung disease in A-T patients.
Similar to the case for humans with A-T, ATM-deficient mice spontaneously develop lymphomas, a phenotype capitalized on by many research groups in an attempt to understand lymphom-FIG 7 ATM-deficient mice exhibit a skewed proportion of MHV68-specific CD8 ϩ T cells. ATM-deficient or wild-type mice were intranasally inoculated with agenesis in human A-T. Intriguingly, other mouse models of human cancer-associated DDR-related diseases, such as Neijmegen breakage syndrome and ataxia-telangiectasia-like disorder, do not spontaneously develop cancer (46, 54) , indicating that other factors may synergize with hypomorphic DDR alleles to induce tumorigenesis in humans. Unlike animals housed in pathogenfree research facilities, humans harbor a multitude of chronic to lifelong viral infections that reset the host immune status (49) . It is tempting to speculate that chronic viral infections may modify disease in DDR-insufficient hosts, who frequently display various degrees of immune deficiencies.
DDR-gammaherpesvirus interactions. Gammaherpesviruses have a complex relationship with the host DNA damage response. Specifically, MHV68-encoded orf36 induces ATM activation and H2AX phosphorylation in infected macrophages, and the virus relies on ATM and H2AX expression to facilitate its replication in vitro (37, 42) . Furthermore, efficient expression of MHV68 RTA, a critical regulator of lytic infection and reactivation, requires H2AX, an ATM substrate (37) . In vivo, MHV68 chronic infection is attenuated in H2AX-deficient mice (44) . Because gammaherpesvirus reactivation is important for the maintenance of the infected cell reservoir in vivo (19, 30) , it is possible that MHV68 usurps DDR components to facilitate its reactivation from latency. This possibility is corroborated by the finding that MHV68 orf36, a protein kinase necessary and sufficient to activate the DDR in the context of lytic infection, is required for optimal MHV68 latency and reactivation (42, 44) .
The dependence of MHV68 on the components of the DDR for efficient replication and viral gene expression contrasts with the increased reactivation and persistent replication of MHV68 in ATM-deficient mice reported in this study. Because the immune response is the single most powerful factor controlling chronic MHV68 infection in vivo, the suboptimal immune response in ATM-deficient mice may allow for increased MHV68 reactivation and persistent replication, in spite of the inability of the virus to fully utilize the host DDR to facilitate viral processes within infected cells. Because of pleiotropic ATM effects, mice with tissuespecific ATM deficiency should serve as valuable tools to dissect the extrinsic and intrinsic roles of ATM in chronic gammaherpesvirus infection.
We and others have recently shown that the physiological DDR leads to induction of antiviral type I IFN responses (6, 32) , adding another important factor to the gammaherpesvirus-DDR equation. Because type I IFN suppresses MHV68 replication and reactivation in vivo (3, 20) and due to virus-driven activation of the DDR in infected cells (42) , it is not surprising that MHV68 uncouples the DDR-type I IFN connection in the context of lytic infection of primary macrophages (32) . Because virus-driven DDR induction is not limited to the MHV68 system, in the future it will be important to define the mechanism by which MHV68 interferes with type I IFN responses induced upon activation of the DDR.
Previous studies of DDR-virus interactions in the context of lytic infection have provided and continue to offer important insights into the regulation of virus replication by this sophisticated cellular network. In the future, it will be of great interest to extend these findings to in vivo studies, using mice insufficient in ATM and other DDR components, to determine the effects of DDRvirus interactions on viral persistence and pathogenesis, especially in the context of a DDR-insufficient host.
